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1

TUNABLE OPTICAL METAMATERIAL
HAVING ELECTROACTIVE POLYMER
METASURFACES

TECHNICAL FIELD

Embodiments relate generally to tunable optical metama-
terials. The tunable optical metamaterials include optical
metasurfaces combined with electroactive polymers to have
integrated active electronic tuning.

BACKGROUND

Existing optical metamaterial designs fail to provide a
built-in method and structure for active, electronic tuning.

BRIEF SUMMARY

In accordance with one or more embodiments, an
example tunable optical metamaterial system comprises one
or more of the following: a tunable optical metamaterial; an
actuator module to selectively activate the tunable optical
metamaterial; and a control system to selectively control the
actuator module.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the tunable
optical metamaterial comprises a substrate having one or
more electroactive surfaces and an optically active particle
array comprising a plurality of optically active elongated
members populated spaced apart on the electroactive sur-
face.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the substrate
1s composed at least i part of an electroactive polymer
(EAP) that, when electrically activated by application of a
predetermined voltage, 1s configured to expand from an
inactive state to an active state and thereby induce an optical
response from the optically active particle array, and when
clectrically deactivated by removal of the predetermined
voltage, 1s configured to contract from the active state to the
inactive state and thereby induce another optical response
from the optically active particle array.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the optically
active elongated members are populated spaced apart on the
clectroactive surface 1n two or more orientations to form
confocal lenses that are optically responsive to expansion
and contraction by the substrate between the 1nactive state
and the active state. Alternatively or additionally, the opti-
cally active elongated members are arranged 1n a repeating,
lattice array.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the actuator
module comprises one or more electrical conductor mem-
bers electrically coupled to the electroactive surface.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the control
module comprises one or more processors to execute a set of
istructions to selectively control, by causing the actuator
module to expand and contract the substrate between the
active state and the inactive state, the optical properties of
the tunable optical metamaterial in a manner that alters the
spacing between two or more of the optically active elon-
gated members.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the control
module comprises one or more processors to execute a set of
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2

instructions to selectively mampulate, by sending one or
more control signals to the actuator, the shape of the
substrate 1n a manner that alters the spacing between two or
more of the optically active elongated members in thereby
generating an optical response by the optically active par-
ticle array.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the control
module comprises one or more processors to execute a set of
instructions to selectively cause, by transmitting one or more
control signals to the actuator module, electrical activation
of the substrate in a manner that induces a first optical
response by the optically active particle array. Such electri-
cal activation may induce expansion of the substrate.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the control
module comprises one or more processors to execute a set of
istructions to selectively cause, by transmitting one or more
second control signals to the actuator module, electrical
deactivation of the substrate 1n a manner that induces a
second optical response by the optically active particle array.
Such electrical activation may induce contraction of the
substrate.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the one or
more processors are to execute the set of istructions to
selectively cause the one or more electrical conductor mem-
bers to apply a predetermined voltage to the electroactive
surface 1n a manner that electrically activates the substrate.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the one or
more processors are to execute the set of istructions to
cause the one or more electrical conductors to apply a
predetermined voltage to the electroactive surface in a
manner that expands the substrate 1n one or more of a first
direction and a second direction that 1s substantially perpen-
dicular to the first direction.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the substrate,
when 1n the active state, expands 1n a direction dependent
upon an orientation of the polymer fibers of the EAP.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the optically
active elongated members comprise one or more of metal
resonator nanoparticles, iorganic resonator particles, and
organic resonator particles.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the optically
active elongated members are populated on the electroactive
surface 1 an asymmetric orientation.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the optically
active elongated members are populated on the electroactive
surface 1 a symmetric orientation.

In accordance with one or more embodiments, a tunable
optical metamaterial comprises one or more of the follow-
ing: a substrate having an electroactive surface, composed of
an e¢lectroactive polymer (EAP), configured to expand and
contract 1n one or more directions between an 1nactive state
and an active state; and an optically active particle array,

comprising a plurality of optically active elongated members
populated on the electroactive surface in two or more
orientations to form confocal lenses that are optically
responsive to expansion and contraction by the substrate.
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In accordance with one or more embodiments of the
tunable optical metamaterial, the substrate 1s electrically
activated by application of a predetermined voltage to the
clectroactive surface.

In accordance with one or more embodiments of the
tunable optical metamaterial, the substrate i1s electrically
activated by application of a predetermined voltage to the
clectroactive surface 1n a manner that expands the substrate
in one or more of a first direction and a second direction that
1s substantially perpendicular to the first direction.

In accordance with one or more embodiments of the
tunable optical metamaterial, the substrate, when in the
active state, expands in a direction dependent upon an
orientation of the polymer fibers of the EAP.

In accordance with one or more embodiments of the
tunable optical metamaterial, the optically active elongated
members comprise one or more of metal resonator nanopar-
ticles, morganic resonator particles, and organic resonator
particles.

In accordance with one or more embodiments of the
tunable optical metamaterial, the optically active elongated
members are populated on the electroactive surface 1n an
asymmetric orientation.

In accordance with one or more embodiments of the
tunable optical metamaterial, the optically active elongated
members are populated on the electroactive surface 1n a
symmetric orientation.

In accordance with one or more embodiments, a method
of controlling a tunable optical metamaterial having a sub-
strate having an electroactive surface, composed of an
clectroactive polymer (EAP), configured to expand and
contract in one or more directions between an inactive state
and an active state, and an optically active particle array
comprising a plurality of optically active elongated members
populated spaced apart on the electroactive surface 1n two or
more orientations to form confocal lenses that are optically
responsive to expansion and contraction by the substrate, the
method comprising one or more of the following: selectively
controlling, by causing expansion and contraction of the
substrate between the active state and the 1nactive state, the
optical properties of the tunable optical metamatenial 1 a
manner that alters the spacing between two or more of the
optically active elongated members.

In accordance with one or more embodiments of the
method, the selective control of the optical properties com-
prises applying a predetermined voltage to the electroactive
surface 1n a manner that electrically activates the substrate.

In accordance with one or more embodiments of the
method, the selective control of the optical properties com-
prises applying a predetermined voltage to the electroactive
surface 1n a manner that expands the substrate in a first
direction.

In accordance with one or more embodiments of the
method, the selective control of the optical properties com-
prises applying the predetermined voltage to the electroac-
tive surface imn a manner that expands the substrate 1n a
second direction that 1s substantially perpendicular to the
first direction.

In accordance with one or more embodiments of the
method, the selective control of the optical properties com-
prises applying a predetermined voltage to the electroactive
surface 1n a manner that simultaneously expands the sub-
strate 1n a first direction and a second direction that 1s
substantially perpendicular to the first direction.

In accordance with one or more embodiments of the
method, the selective control of the optical properties com-
prises applying a predetermined voltage to the electroactive
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surface 1n a manner that electrically activates the substrate to
expand 1n a direction dependent upon an orientation of the
polymer fibers of the EAP.

In accordance with one or more embodiments, a computer
program product for a tunable optical metamaterial having a
substrate having an electroactive surface, composed of an
clectroactive polymer (EAP), configured to expand and
contract 1n one or more directions between an 1nactive state
and an active state, and an optically active particle array
comprising a plurality of optically active elongated members
populated spaced apart on the electroactive surface 1n two or
more orientations to form confocal lenses that are optically
responsive to expansion and contraction by the substrate, the
computer program product comprising at least one computer
readable medium comprising a set of instructions, which
when executed by one or more processors, cause the one or
more processors to: selectively control, by causing expan-
sion and contraction of the substrate between the active state
and the inactive state, the optical properties of the tunable
optical metamaterial in a manner that alters the spacing
between two or more ol the optically active elongated
members.

In accordance with one or more embodiments of the
computer program, wherein the set ol instructions, which
when executed by the one or more processors, cause the one
or more processors 1o: selectively control the optical prop-
erties by applying a predetermined voltage to the electroac-
tive surface 1 a manner that electrically activates the
substrate.

In accordance with one or more embodiments of the
computer program, wherein the set of instructions, which
when executed by the one or more processors, cause the one
or more processors to: the selectively control the optical
properties by applying a predetermined voltage to the elec-
troactive surface in a manner that expands the substrate 1n a
first direction.

In accordance with one or more embodiments of the
computer program, wherein the set ol instructions, which
when executed by the one or more processors, cause the one
or more processors 1o: selectively control the optical prop-
erties by applying the predetermined voltage to the electro-
active surface in a manner that expands the substrate 1n a
second direction that i1s substantially perpendicular to the
first direction.

In accordance with one or more embodiments of the
computer program, wherein the set of instructions, which
when executed by the one or more processors, cause the one
or more processors to: selectively control the optical prop-
erties by applying a predetermined voltage to the electroac-
tive surface 1 a manner that simultaneously expands the
substrate 1n a first direction and a second direction that 1s
substantially perpendicular to the first direction.

In accordance with one or more embodiments of the
computer program, wherein the set of instructions, which
when executed by the one or more processors, cause the one
or more processors 1o: selectively control the optical prop-
erties by applying a predetermined voltage to the electroac-
tive surface 1 a manner that electrically activates the
substrate to expand and contract in a direction dependent
upon an orientation of the polymer fibers of the EAP.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The various advantages of the embodiments of the present
disclosure will become apparent to one skilled 1n the art by



US 11,662,611 B2

S

reading the following specification and appended claims,
and by referencing the following drawings, 1n which:

FIG. 1 1llustrates an example tunable optical metamaterial
system with the substrate 1n an 1nactive state, 1n accordance
with one or more embodiments shown and described herein.

FIG. 2 illustrates the example tunable optical metamate-
rial system of FIG. 1, with the substrate 1n an active state.

FIG. 3 illustrates an example control module of the
example tunable optical metamaterial system of FIG. 1.

FIGS. 4 through 6 respectively illustrate the changes in
focal length of optically active structures of an optically
active particle array, in accordance with one or more
embodiments shown and described herein.

FIGS. 7 through 11 respectively illustrate a schematic
diagram of example methods of controlling a tunable optical
metamaterial, 1n accordance with one or more embodiments
shown and described herein.

FIGS. 12 through 19 respectively illustrate example simu-
lations of a relationship between the period of a metamate-
rial and the optical resonance of resonance particles of
various wavelengths.

DETAILED DESCRIPTION

Turning to the figures, in which FIGS. 1 and 2 illustrates
an example tunable optical metamaterial system 10 that may
have application 1n a vehicle component, system, or sub-
system. Embodiments, however, are not limited thereto, and
thus, this disclosure contemplates the tunable optical meta-
material system 10 having non-mobility applications that
fall within the spirit and scope of the principles of this
disclosure.

In the illustrated example of FIGS. 1 and 2, the example
tunable optical metamaterial system 10 comprises a tunable
optical metamaterial 20, an actuator module 30 to selec-
tively activate the tunable optical metamaterial 20, and a
control module 40 to selectively control the actuator module
30.

In accordance with one or more embodiments, the tunable
optical metamaterial 20 comprises a substrate 21 having one
or more electroactive surfaces 24, and an optically active
particle array 22 comprising a plurality of optically active
structures in the form of elongated members 23 that are
populated on the electroactive surface i a spaced-apart
configuration. In the illustrated example, the one or more
clectroactive surfaces 24 upon which the optically active
particle array 22 1s arranged 1s substantially planar.

The substrate 21 1s composed of a deformable and elec-
troactive material such as, for example, a transparent elec-
troactive polymer (EAP), such as, for example, Solvene®
200. The EAP polymer of the substrate 21 may be formed by
a spin-coating technique, but embodiments are not limited
thereto. This disclosure contemplates other suitable tech-
niques that fall within the spirit and scope of the principles
of this disclosure. For example, but not limited thereto, the
substrate 21 may be formed by injection molding, casting, or
a polymer thin film method.

The substrate 21 may have one or more electrical con-
ductor members or electrodes arranged thereon or therein to
establish one or more electrical interfaces between the
substrate 21 and the actuator module 30. Such electrical
interfaces are configured to facilitate electrical activation or
stimulation of the substrate 21 by application of a predeter-
mined voltage by the actuator module 30, 1s configured to
expand and contract in one or more directions (e.g., an X
direction, a y-direction, or a combination thereot).
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Each optically active elongated members 23 comprises a
metasurface that 1s configured to allow for phase control
over light on the nanoscale. In accordance with one or more
embodiments, the metasurface 1s formed from a cylinder. In
accordance with one or more embodiments, the metasur-
faces may be formed from high refractive index materials,
such as, for example, T10,, HIO,, and AIN. Such high
refractive mndex materials may be deposited using atomic
layer deposition (ALD) techmiques, and can be etched via
reactive 10on etching (RIE) to obtain a pillar-like shape of the
optically active elongated members 23.

In accordance with one or more embodiments, the meta-
surfaces comprise one or more metal resonator nanopar-
ticles. Alternatively or additionally, the metasurfaces com-
pris€ one Oor more 1norganic resonator particles.
Alternatively or additionally, the metasurfaces comprise one
or more organic resonator particles (e.g., such as PDTT:
PSS). Embodiments, however, are not limited thereto, and
thus, this disclosure contemplates the tunable optical meta-
material system 10 having non-mobility applications that
fall within the spirit and scope of the principles of this
disclosure.

The optically active elongated members 23 are populated
spaced apart on the electroactive surface 1n two or more
orientations to form confocal lenses that are optically
responsive to expansion and contraction by the substrate
between the inactive state and the active state. Alternatively
or additionally, the optically active elongated members are
arranged 1n a repeating, lattice array.

In accordance with one or more embodiments, the opti-
cally active elongated members 23 are populated on the
clectroactive surface 24 in a symmetric orientation in a
manner such that each umit cell 1s spaced a lateral distance
X, 1n the x-direction along the planar surface from a neigh-
boring unit cell and vertical lateral distance y, 1n the y-di-
rection along the planar surface from a neighboring unit cell.
Alternatively, the optically active elongated members 23 are
populated on the electroactive surface 1 an asymmetric
orientation. The directional orientation of optically active
clongated members 23 elicits nano-adjustments to an optical
wavelront impinging on the electroactive surface 24. This 1s
achieved due to the periodic unit cell having a size that 1s
less than the operating wavelength of light, and the orien-
tation of the optically active elongated members 23 relative
to the polarization of the wave induces minute changes in
phase while maintaining a macroscopic optical permittivity.

In accordance with one or more embodiments of the
example tunable optical metamaterial system, the actuator
module 30 comprises one or more electrical conductor
members or electrodes electrically coupled to the corre-
sponding one or more electrical conductors or electrodes at
the electrical interface(s) with the substrate 21.

In accordance with one or more embodiments, the control
module 40 comprises one or more processors 41. As set
forth, described, and/or 1illustrated herein, “processor”
means any component or group of components that are
configured to execute any of the processes described herein
or any form of instructions to carry out such processes or
cause such processes to be performed. The processors 41
may be mmplemented with one or more general-purpose
and/or one or more special-purpose processors. Examples of
suitable processors include graphics processors, micropro-
cessors, microcontrollers, DSP processors, and other cir-
cuitry that may execute software. Further examples of
suitable processors include, but are not limited to, a central
processing unit (CPU), an array processor, a vector proces-
sor, a digital signal processor (DSP), a field-programmable
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gate array (FPGA), a programmable logic array (PLA), an
application specific integrated circuit (ASIC), program-
mable logic circuitry, and a controller. The processors 41
may comprise at least one hardware circuit (e.g., an inte-
grated circuit) configured to carry out instructions contained
in program code. In embodiments in which there 1s a
plurality of processors 41, such processors 41 may work
independently from each other, or one or more processors
may work 1n combination with each other. In accordance
with one or more embodiments, the processors 41 may be a
host, main, or primary processor ol the system 10. For
instance, the processors 41 may comprise an electronic
control unit (ECU) of a vehicle.

In accordance with one or more embodiments, the control
module 40 may comprise one or more data stores 42 for
storing one or more types of data. The control module 40
may include interfaces that enable one or more systems
thereol to manage, retrieve, modily, add, or delete, the data
stored 1n the data stores 42. The data stores 42 may comprise
volatile and/or non-volatile memory. Examples of suitable
data stores 42 include RAM (Random Access Memory),
flash memory, ROM (Read Only Memory), PROM (Pro-
grammable Read-Only Memory), EPROM (Frasable Pro-
grammable Read-Only Memory), EEPROM (Electrically
Erasable Programmable Read-Only Memory), registers,
magnetic disks, optical disks, hard drives, or any other
suitable storage medium, or any combination thereof. The
data stores 42 may be a component of the processors 41, or
alternatively, may be operatively connected to the proces-
sors 41 for use thereby As set forth, described, and/or
illustrated herein, “operatively connected” may 1include
direct or indirect connections, including connections without
direct physical contact.

In accordance with one or more embodiments, the one or
more processors 41 are configured to execute a set of
instructions (which may be stored in the one or more data
stores 42) to selectively control the optical properties of the
tunable optical metamaterial 20 1n a manner that alters the
spacing between two or more of the optically active elon-
gated members 23. In particular, the one or more processors
41 are configured to transmit one or more control signals to
activate the actuator module 30, which in turn causes the
actuator module 30 to selectively apply a suitable voltage to
the substrate 21 1n manner which expands the geometric
configuration, size, or square area ol the substrate 21 from
the mactive state to the active state, thereby generating an
optical response by the optically active particle array 22.

For example, 1n the illustrated example of FIG. 2, a
voltage selectively applied to the substrate 21 having a
symmetrical arrangement of optically active elongated
members 23 thereon causes an increase in the lateral dis-
tance (e.g., from X, to X,) and the vertical distance (e.g., v,
to v,) between adjacent or neighboring optically active
clongated members 23. When the electroactive polymer of
the substrate 21 1s stretched or expanded, spacing between
optically active elongated members 23 1n the optically active
particle array 22 increases, thereby increasing the period of
the optically active particle array 22. By increasing the
period of the optically active particle array 22, resonance
broadening also increases. This resonance shift illustrates
the relationship between the period of the optically active
particle array 22 and the optical properties of the tunable
optical metamaterial 20. Indeed, the selective modification
of the optically active particle array 22 may modily the
wavelengths and mtensity of light transmitted by the tunable
optical metamaterial 20 (e.g., light that reflects of passes
through the tunable optical metamaterial). Such selective
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modification may be obtained via one or more of: a selective
application of a suitable voltage to the substrate 21, the
shape and orientation of the polymer fibers of the electro-
active surfaces 24, and the shape and orientation of particles
of the optically active particle array 22.

In accordance with one or more embodiments, the one or
more processors 41 may execute a set of instructions to
transmit one or more control signals to the actuator module
30 to selectively cause electrical activation of the substrate
21 1n a manner that induces an optical response by the
optically active particle array 22. In particular, the one or
more processors may execute the set of instructions to
selectively cause the one or more electrical conductor mem-
bers of the actuator module 30 to apply a predetermined
voltage to the electroactive surface 1n a manner that elec-
trically activates the substrate 21. Such electrical activation
may 1nduce expansion of the substrate 21 to an active state
(FIG. 2). Such an active state may represent a maximum
overall size of the substrate 21.

In accordance with one or more embodiments, while the
electrical activation of the substrate 21 1s maintained, the
one or more processors may also execute a set of instructions
to transmit one or more control signals to the actuator
module 30 to selectively cause electrical deactivation of the
substrate 21 1n a manner that induces another optical
response by the optically active particle array 22. Such
clectrical deactivation may induce contraction of the sub-
strate 21 to the 1nactive state (FIG. 1). Such an 1nactive state
may represent a minimum overall size of the substrate 21.

In accordance with one or more embodiments, while the
electrical activation of the substrate 21 1s maintained, the
one or more processors may also execute a set of instructions
to transmit one or more control signals to the actuator
module 30 to selectively cause a reduction 1n the electrical
activation (i1.e., by reducing the applied voltage) of the
substrate 21 1n a manner that induces another optical
response by the optically active particle array 22. Such
reduction in electrical activation may mduce expansion of
the substrate 21 to an active state (FIG. 2). Such an active
state may represent an overall size of the substrate 21 that 1s
between the maximum overall size and the minimum overall
S1Z€.

The application of a predetermined voltage to the elec-
troactive surface 24 of the substrate 21 induces bidirectional
or unidirectional expansion of the substrate 21 in a manner
that causes an optical response by the optically active
particle array 22. The bidirectional or unidirectional expan-
s10n of the substrate 21 can be dependent upon an orientation
of the polymer fibers of the EAP. The application of a
suitable voltage causes a shiit in the optical properties of the
optically active particle array 22, such as absorption and
emission spectra.

In the illustrated examples of FIGS. 4 through 6, the
optically active elongated members 23a, 235, 23¢, 234 have
different orientations such that, the bidirectional or unidi-
rectional expansion and contraction of the substrate 21
causes an optical response that varies the focal length of the
confocal lenses. In particular, the distance between the
eptleally active elongated members 23a, 235, 23¢, 23d
increase during expansion. The amount of expansion 1is
generally 1n response to the applied voltage recerved by the
substrate 21.

In the 1llustrated examples of FIGS. 7 to 11, a tflowchart
of methods 700, 800, 900, 1000, and 1100 of controlling a
tunable optical metamaterial having a substrate having an
clectroactive surface, composed of an electroactive polymer
(EAP), configured to expand and contract in one or more
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directions between an 1nactive state and an active state, and
an optically active particle array comprising a plurality of
optically active elongated members populated spaced apart
on the electroactive surface 1n two or more orientations to
form confocal lenses that are optically responsive to expan-
sion and contraction by the substrate. In one or more
examples, the respective flowcharts of the methods 700,
800, 900, 1000, and 1100 may be implemented by the one
or more processors 41. For example, the one or more
processors 41 are configured to implement the methods 700,
800, 900, 1000, and 1100 using logic instructions (e.g.,
software), configurable logic, fixed-functionality hardware
logic, etc., or any combination thereof. In one or more
examples, software executed by the control module 40
provides functionality described or illustrated herein. In
particular, software executing by the one or more processors
41 1s configured to perform one or more processing blocks
of the methods 700, 800, 900, 1000, and 1100 set forth,
described, and/or illustrated herein, or provides functionality
set forth, described, and/or illustrated.

In the illustrated example of FIG. 7, illustrated process
block 702 includes selectively controlling the optical prop-
erties ol the tunable optical metamaterial in a manner that
alters the spacing between two or more of the optically
active elongated members. Such selective control comprises
causing the expansion and contraction a substrate between
the active state and the inactive state. The method 700 may
terminate or end after execution of process block 702.

In the 1illustrated example of FIG. 8, illustrated process
block 802 includes selectively manipulating the shape of the
substrate 1n a manner that alters the spacing between two or
more of the optically active elongated members 1n thereby
generating an optical response by the optically active par-
ticle array. The method 800 may terminate or end after
execution of process block 802.

In the illustrated example of FIG. 9, illustrated process
block 902 includes selectively electrically activating and
deactivating the substrate to induce unidirectional expansion
and contraction of the substrate in a manner that alters the
spacing between two or more of the optically active elon-
gated members to generate an optical response by the
optically active particle array. The method 900 may termi-
nate or end after execution of process block 902.

In the illustrated example of FIG. 10, 1llustrated process
block 1002 includes selectively electrically activating and
deactivating the substrate to induce bidirectional expansion
and contraction of the substrate in a manner that alters the
spacing between two or more of the optically active elon-
gated members to generate an optical response by the
optically active particle array. The method 1000 may termi-
nate or end aiter execution of process block 1002.

In the 1llustrated example of FIG. 11, illustrated process
block 1102 includes selectively applying a predetermined
voltage to the electroactive surface of the substrate 1n a
manner that alters the spacing between two or more of the
optically active elongated members to generate an optical
response by the optically active particle array. The method
1000 may terminate or end after execution of process block
1102.

FIGS. 12 through 19 respectively 1llustrate a relationship
between the period of a metamaterial and the corresponding,

optical resonance of resonant particles at wavelengths of 250
nm (FIG. 12), 275 nm (FI1G. 14), 300 nm (FIG. 16), and 325

nm (FIG. 18). In the graphs of FIGS. 13, 15, 17, and 19,

which correspond to four different simulations where the
period of the metamaterial 1s modified by an EAP substrate,
transmission 1s represented on the y-axis, whereas wave-
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length 1s represented on the x-axis. As the period of the
metamaterial 1s increased, broadening of the resonance 1s
increased, and the optical resonance 1s broadened. While the
disclosed examples respectively describe a metamaterial
that 1s expanding to modily transmission or intensity, the
phase may also be modified.

The terms “coupled,” “attached,” or “connected” may be
used herein to refer to any type of relationship, direct or
indirect, between the components in question, and may
apply to electrical, mechanical, flmd, optical, electromag-
netic, electromechanical or other connections. Additionally,
the terms “first,” “second,” etc. are used herein only to
facilitate discussion, and carry no particular temporal or
chronological significance unless otherwise indicated. The
terms “‘cause” or “causing’ means to make, force, compel,
direct, command, instruct, and/or enable an event or action
to occur or at least be 1n a state where such event or action
may occur, either i a direct or indirect manner.

Those skilled 1n the art will appreciate from the foregoing
description that the broad techniques of the embodiments of
the present disclosure may be implemented 1n a variety of
forms. Therefore, while the embodiments have been
described in connection with particular examples thereof,
the true scope of the embodiments should not be so limited
since other modifications will become apparent to the skilled
practitioner upon a study of the drawings, specification, and
following claims.

What 1s claimed 1s:

1. A tunable optical metamaterial system, comprising:

tunable optical metamaterial having a substrate composed

at least 1n part of an electroactive polymer (EAP) and
which 1s configured to expand when electrically acti-
vated, and an optically active particle array comprising
a plurality of optically active elongated members popu-
lated spaced apart on the substrate 1n two or more
orientations to form confocal lenses that are optically
responsive to the expansion of the substrate; and

a control module, including one or more processors to

execute a set of instructions to:

control the optical properties of the tunable optical
metamaterial by causing the electrical activation of
the substrate to selectively expand the substrate 1n a
manner that alters the spacing between the optically
active clongated members.

2. The tunable optical metamaterial system of claim 1,
further comprising an actuator module coupled to the sub-
strate, the actuator module having one or more electrical
conductor members electrically coupled to the substrate to
clectrically activate the substrate through application of a
predetermined voltage.

3. The tunable optical metamaterial system of claim 2,
wherein the one or more processors are to execute the set of
instructions to cause the one or more electrical conductors to
apply the predetermined voltage 1n a manner that bidirec-
tionally expands the substrate.

4. The tunable optical metamaterial system of claim 2,
wherein the one or more processors are to execute the set of
instructions to cause the one or more electrical conductors to
apply the predetermined voltage 1n a manner that umdirec-
tionally expands the substrate.

5. The tunable optical metamaterial system of claim 2,
wherein the one or more processors are to execute the set of
instructions to cause the one or more electrical conductors to
apply the predetermined voltage 1n a manner that expands
the substrate 1n a direction dependent upon an orientation of
polymer fibers of the EAP.
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6. The tunable optical metamaterial system of claim 1,
wherein the optically active elongated members are popu-
lated on the substrate in an asymmetric orientation.

7. The tunable optical metamaterial system of claim 1,
wherein the optically active elongated members are popu-
lated on the substrate 1n a symmetric orientation.

8. A tunable optical metamaternial, comprising;:

a substrate composed at least 1n part of an electroactive
polymer (EAP) that i1s configured to expand when
clectrically activated; and

an optically active particle array comprising a plurality of
optically active elongated members populated spaced
apart on the substrate 1n two or more orientations to
form confocal lenses that are optically responsive to the
expansion of the substrate,

wherein the optical properties of the tunable optical
metamaterial are controllable by the electrical activa-
tion of the substrate to selectively expand the substrate
in a manner that alters the spacing between the opti-
cally active elongated members.

9. The tunable optical metamaterial of claim 8, wherein
the substrate 1s electrically activated through application of
a predetermined voltage thereto.

10. The tunable optical metamaterial of claim 9, wherein
the application of the predetermined voltage bidirectionally
expands the substrate.

11. The tunable optical metamaterial of claim 9, wherein
the application of the predetermined voltage unidirectionally
expands the substrate.

12. The tunable optical metamaterial of claim 9, wherein
the application of the predetermined voltage expands the
substrate 1 a direction dependent upon an orientation of
polymer fibers of the EAP.

13. The tunable optical metamaterial of claim 8, wherein
the optically active elongated members are populated on the
substrate 1n an asymmetric orientation.
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14. The tunable optical metamaterial of claim 8, wherein
the optically active elongated members are populated on the
substrate 1n a symmetric orientation.

15. A method of controlling a tunable optical metamate-
rial, the method comprising;:

providing the tunable optical metamaterial having sub-

strate composed at least in part of an electroactive
polymer (EAP) and which i1s configured to expand
when electrically activated, and an optically active
particle array comprising a plurality of optically active
clongated members populated on the substrate 1n two or
more orientations to form confocal lenses that are
optically responsive to the expansion of the substrate;
and

controlling the optical properties of the tunable optical

metamaterial by causing the electrical activation of the
substrate to selectively expand the substrate to the
active state 1n a manner that alters the spacing between
the optically active elongated members.

16. The method of claim 15, wherein the control of the
optical properties comprises applying a predetermined volt-
age to the substrate.

17. The method of claim 16, wherein the control of the
optical properties comprises applying the predetermined
voltage to bidirectionally expand the substrate.

18. The method of claim 16, wherein the control of the
optical properties comprises applying the predetermined
voltage to unmidirectionally expand the substrate.

19. The method of claim 16, wherein the control of the
optical properties comprises applying the predetermined
voltage to expand the substrate 1n a direction dependent
upon an orientation of polymer fibers of the EAP.

20. The method of claam 135, wheremn providing the
tunable optical metamaterial comprises populating the opti-
cally active elongated members 1n symmetric orientation.
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